Introduction

Methods
Animals
We used Kcnj16 +/+ (Kir5. were crossed with Nedd4l flox/flox mice which were originally generated in O. Staub's laboratory (22) . Nedd4l
deletion was carried out in 8-week-old male and/or female mice homozygous for floxed Nedd4l gene and heterozygous for Pax8-rtTA/LC-1 transgene by providing doxycycline (5mg/ml, 5% sucrose) in the drinking water for 2 weeks. This was followed by at least 2 additional weeks without doxycycline treatment before performing experiments. Littermate mice of the same age and genetic background and drinking 5% sucrose were used as controls (Nedd4l flox/flox ). Genotyping confirms the positive strain Nedd4-2cre-flox.
The primers for genotyping were listed in Table 1 . All the procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC).
Preparation of the DCT Mice were sacrificed by cervical dislocation and the abdomen was opened to expose the left kidney. We perfused the left kidney with 2 ml L-15 medium (Life Technology) containing Type 2 collagenase (250 U/ml) and then removed the collagenase-perfused kidney. The renal cortex was separated and further cut into small pieces for additional incubation in collagenase-containing L-15 media for 30-50 min at 37 o C. The tissue was then washed three times with fresh L-15 medium and transferred to an ice-cold chamber for dissection. The isolated DCT tubules were placed on a small cover glass coated with poly-lysine and the cover glass was placed on a chamber mounted on an inverted microscope.
Cell culture and Gene Transfection HEK293 cells (ATCC, Manassas, VA) were used for transient expression of Kir4.1, Kir5.1 and Nedd4-1 or Nedd4-2. The cells were grown in Dulbecco's modified Eagle medium (DMEM; Invitrogen) supplemented with 10% FBS (Invitrogen) in 5% CO2 and 95% air at 37 o C.
Cells were grown to 50-70% confluence for transfection as described previously (34) . Briefly, a cDNA cocktail (total 2 µg) was prepared with 200 µl serum free DMEM and 6 µl Turbofect transfection reagent (Thermo Fisher Scientific) for the cells in a 35 mm dish. Cells transfected with the empty vector were used as IgG control for immunoprecipitation (IP) and their background currents were subtracted from that of the experimental groups for patch-clamp study. After 15 min incubation at room temperature, the mixture of the transfection cocktail was applied to the cells followed by additional 24 h incubation before use.
Co-immunoprecipitation (CO-IP) and Ubiquitination assay IP was performed as previously described (13) . Briefly, 200 µg total protein was mixed with 2 µg of the IP antibody in 200 µl of 1% PBST.
The mixture was incubated with overnight shaking at 4°C and followed by adding 50 µl of protein A agarose (Santa Cruz Biotechnology, Dallas, TX) and mixing gently with shaking for an additional hour. The agarose was pelleted and ready for SDS-PAGE gel examination.
For the ubiquitination assay, 2% SDS was added into 200 µg total protein lysate. The sample was incubated for 5 min at 95°C and diluted 10 times with lysate buffer before conducting immunoprecipitation (IP). The IP antibody was added into the lysate as in the protocol described above.
Site-directed mutagenesis
The over-lapping PCR-based mutagenesis method was used to generate 
Statistics analysis
Student's t-test (unpaired groups) was used to determine the significance of differences between two groups or one-way analyses of variance (ANOVA) was used to determine the statistical significance among multiple groups. Holm-Sidak was used as post hoc test. P<0.05 was defined as statistical significance.
Results
Kir5.1 interacts with Nedd4-2.
We first examined the interaction between Kir5.1 and Nedd4-2 with CO-IP in HEK293 cells transfected with HA-GFP-tagged Kir5.1 and Flag-tagged Nedd4-1 or Nedd4-2. We used Flag antibody (precipitating either Nedd4-2 or Nedd4-1) for IP and HA antibody (detecting Kir5.1) for blotting. Fig.1A shows that Nedd4-2/Kir5.1 interaction (top panel) was stronger than Nedd4-1/Kir5.1
interaction , suggesting that Kir5.1 is mainly associated with Nedd4-2. Fig.1A also shows equal expression of Flag-tagged Nedd4-2 or Nedd4-1(middle panel) and HA-GFP tagged Kir5.1 (lower panel). We next conducted CO-IP with myc antibody in the cells transfected with myc-his-tagged Kir5.1 and Flag-Nedd4-2 or -Nedd4-1. Fig.1B is a western blot showing that myc-Kir5.1 was predominantly associated with Nedd4-2. After demonstrating that Kir5.1 was able to bind to Nedd4-2, we next examined the binding site of Kir5.1 with Nedd4-2. Although Kir5.1 has no typical PY motif, it has a phosphothreonine motif in the c-terminus (TPVT from amino acid sequence 249-252) which has been shown to be a binding site for Nedd4 in M-phase inducer phosphatase 3 (15) . To test the possibility, we conducted CO-IP with flag antibody in the cells transfected with Kir5.1 T249A in which threonine was mutated to alanine. As shown in Fig. 1C 1E ). In contrast, mutating Thr 249 into Aspartate (D) slightly enhanced association (band density=1.36±0.10) although this was not significantly different from (Kir5.1) control (1.10±0.15) ( Fig.1E ). In contrast, the mutation of Thr 252 to either Ala (1.07±0.11) or Asp (1.18±0.09) did not significantly affect the interaction between Kir5.1 and Nedd4-2 ( Fig.1D ). Thus, the results suggest that TPVT motif of Kir5.1 is a binding site for Nedd4-2.
To further test for the interaction between Nedd4-2 and Kir5.1 in vitro, we conducted GST pull-down experiments using purified GST fusion proteins from prokaryotic cells. From the inspection of Fig.2A , it is apparent that full-length GST-tagged Kir5.1 protein binds to Flag-tagged Nedd4-2 while GST protein failed to pull down Nedd4-2. Moreover, GST-pull-down experiments using Nedd4-2 WW domain peptide showed that the second WW domain of Nedd4-2 (2 nd WW) is critical for binding to Kir5.1 (Fig.2B) comparing with the other three WW domains of Nedd4-2. Fig. 2B This notion was also supported by immunoblotting to examine Kir4.1 expression in the kidney from Kir5.1 -/mice and the WT littermates. Fig. 6C is a western blot showing that the expression of Kir4.1 increased by 100±11% in Kir5.1 -/mice comparing with WT littermates (normalized with β-actin) (Fig. 6D ). We also conducted immunofluorescent staining to examine the expression of Kir4.1 in the kidney from both WT and Kir5.1 -/mice. From inspection of Fig.6E , it is apparent that the fluorescence intensity of Kir4.1 staining is more intensified in Kir5.1 -/mice than WT littermates. Thus, electrophysiology, western blotting and immunostaining show that the deletion of Kir5.1 stimulates Kir4.1currents and expression in the DCT.
Deletion of Nedd4-2 increases Kir4.1currents and activity in DCT.
If the deletion of Kir5.1-induced increase in Kir4.1 activity in the DCT depends on Nedd4-2 activity, we speculate that deletion of Nedd4-2
should mimic the effect of Kir5.1 deletion and increase Kir4.1 activity in the DCT. Thus, we used patchclamp technique (Fig.7A ), western blot ( Fig.7B ) and immunostaining ( Fig.7C ) to examine Kir4.1 in WT and kidney-specific Nedd4-2 knockout mice (Ks-Nedd4-2KO). Ks-Nedd4-2 KO mice were generated by doxycycline-treatment for two weeks and western blot shows that Nedd4-2 expression was completely eliminated in doxycycline-treated mice while it was present in untreated (control) mice. Fig. 7A summarizes the result of 6 experiments in which the Ba 2+ -sensitive K currents were measured in the DCT of WT and Ks-Nedd4-2 KO mice with the whole cell-recording. We observed that the whole-cell K currents measured at -60 mV was 1270±150 pA (WT mice) and 1980±250 pA (Ks-Nedd4-2 KO mice), respectively. Having shown that deletion of Nedd4-2 increased Kir4.1 currents in the DCT, we then examined the expression of Kir4.1 and Kir5.1 by western blot in WT and Ks-Nedd4-2 KO mice (Fig. 7B) . It is apparent that the depletion of Nedd4-2 significantly increases the expression of Kir4.1 by 90±10% (n=4) but it did not significantly change the expression of Kir5.1 in comparing with WT control. In addition, we carried out immunostaining to examine Kir4.1 expression in Ks-Nedd4-2 KO mice and WT littermates (Fig.7C ). It shows that the staining of Kir4.1 is increased in Ks-Nedd4-2 KO mice comparing with WT littermates.
Thus, deletion of Nedd4-2 stimulates Kir4.1 expression and augments the basolateral K conductance of the DCT.
Discussion
The main finding of the present study is that Nedd4-2 ubiquitinates Kir4.1/5.1 heterotetramer and decreases Kir4.1 currents in the presence of Kir5.1. A similar study has been reported. Ekberg et all have reported that C-terminal region of the KCNQ3 subunit is required for the Nedd4-2-mediated ubiquitination of voltage-gated K(+) channels KCNQ2/3 and KCNQ3/5 (7) . Two lines of evidence suggest that Kir5.1 is a binding partner of Nedd4-2: 1) CO-IP experiments showed that Nedd4-2 was immunoprecipitated with Thus, the regulation of NCC is important for proper regulation of renal K excretion and K homeostasis. A high NCC activity has been shown to be related to Familial Hyperkalemic Hypertension while a low NCC activity has been demonstrated to be responsible for hypokalemia in Gitelman's syndrome (10; 23; 30) . Our previous study has demonstrated that Kir4.1 plays a key role in mediating the effect of dietary K intake on NCC activity (32) . We have demonstrated that hyperkalemia-induced inhibition of the basolateral Kir4.1 is essential for the down-regulation of NCC while hypokalemia-induced stimulation of the basolateral Kir4.1 plays a critical role in stimulating NCC (32) . It is most likely Cl-sensitive With-No-Lysine kinase (WNK) links the basolateral Kir4.1 activity to apical NCC activity (2; 19) . Because Kir4.1 plays a role in regulating NCC, it is conceivable that Kir5.1 and Nedd4-2 interaction may play an important role in mediating the effect of dietary K intake on the basolateral K conductance in the DCT. This notion is supported by the report that NCC activity is upregulated in Kir5.1 KO mice and Ks-Nedd4-2 KO mice (17; 22) . Our study also raises the possibility whether dietary K intake may also regulate the expression of Nedd4-2 thereby affecting NCC. However, further experiments are needed to explore this possibility. Thus, the modulation of Kir4.1 mediated by Nedd4-2/Kir5.1 interaction should expand our understanding the mechanism by which Kir4.1 regulates NCC function and K excretion. We conclude that Nedd4-2 ubiquitinates Kir4.1 through binding to Kir5.1 at TPVT motif and that the interaction between Kir5.1 and Nedd4-2 regulates basolateral Kir4.1 channel activity in DCT. 
Figure legends
